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a b s t r a c t
Superoxide (O2−) is an important short lived transient reactive oxygen species (ROS) in seawater. The
main source of O2− in the ocean is believed to be through photochemical reactions though biological
processes may also be important. Sink terms for O2− include redox reactions with bioactive trace metals,
including Cu and Fe, and to a lesser extent dissolved organic matter (DOM). Information on the source
ﬂuxes, sinks and concentration of superoxide in the open ocean are crucial to improving our understand-
ing of the biogeochemical cycling of redox active species. As O2− is a highly reactive transient species
present at low concentrations it is not a trivial task to make accurate and precise measurements in sea-
water. In this study we developed the appropriate numerical analysis tools and investigated a number of
superoxide sources and methods for the purposes of calibrating O2− concentrations and/or ﬂuxes specif-
ically in seawater. We found the superoxide thermal source bis(4-carboxybenzyl)hyponitrite (SOTS)-1
easy to employ as a reliable source of O2− which could be successfully applied in seawater. The ther-
mal decomposition of SOTS-1 in seawater was evaluated over a range of seawater temperatures using
both a ﬂux based detection scheme developed using two spectrophotometric methods: (i) 7-chloro-4-
nitrobenzo-2-oxa-1,3-diazole (NBD-Cl) and (ii) ferricytochromec (FC), or a concentrationbaseddetection
scheme using a chemiluminescence ﬂow injection method based on the Cypridina luciferin analog 2-
methyl-6-(p-methoxyphenyl)3-7-dihydroimidazol[1,2-]pyrazin-3-one (MCLA) as reagent. Our results
suggest SOTS-1 is the best available O2− source for determining concentrations and ﬂuxes, all detection
systems tested have their pros and cons and the choice of which to use depends more on the duration
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.1. The reactivity of the superoxide anion radical (O2−) and its
onjugated acid perhydroxyl radical (HO2)
Superoxide (O2−: IUPAC name dioxide(•1−)) is a reactive inter-
ediate in the redox cycling of water to oxygen, through both
hotosynthesis and respiration processes. In natural waters super-
xide is predominantly a product of photochemical processes
ith organic chromophores (dissolved organic matter (DOM))
1], though biological pathways also exist [2–3]. Superoxide and
ts conjugated acid (HO2 the hydroperoxyl radical: IUPAC name
ydridodioxygen(•)), with a pKa in seawater of 4.60±0.15 [4]), are
nown to mediate many transformations in biological and chemi-
al systems in the ocean. The perhydroxyl radical reacts with itself
r with superoxide to form hydrogen peroxide (H2O2) and oxygen
∗ Corresponding author. Tel.: +49 431 600 4207; fax: +49 431 600 4202.
E-mail address: pcroot@ifm-geomar.de (P.L. Croot).
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(O2) via the uncatalysed dismutation reaction:
HO2 + HO2 → H2O2 + O2 (1)
HO2 + O2− → HO2− + O2 (2)
The observed rate constant kD (combing reactions (1) and (2)
above) for theuncatalyseddisproportion ofO2− has beenmeasured
in seawater as a function of pH [4,5]. Superoxide can also act both
as a reductant and oxidant and in seawater it is suggested [5–7] to
play an important role inmediating redox changesbetweenvarious
chemical species and in with the bio-relevant trace metals Fe and
Cu:
Mn + O2− + 2H+ → Mn+1 + H2O2 (3)
Mn+1 + O2− → Mn + O2 (4)
Combined together reactions (3) and (4) result in a catalytic
cycle for superoxide dismutation, (catalyzed dismutation path-
way). Typically reactionswith the freemetal speciesofCuandFeare
extremely fast [8] and soonly a small amount ofmetal is required to
catalyze superoxide dismutation. In nature this is exploited in the
design of Cu, Zn, Mn or Fe centered superoxide dismutases (SOD)
2 ica Ch
w
t
b
c
t
k
w
o
o
F
n
m
t
o
m
s
w
i
c
t
R
c
o
r
r
o
o
t
c
1
m
ﬁ
w
F
s∑
f
o
w
k
(
a
i
i
s
s
mM.I. Heller, P.L. Croot / Analyt
hich act within the cell to remove O2− produced by photosyn-
hesis or other cellular processes [9]. Reactions with DOM can also
e described by equations (3) and (4) and were found to be signiﬁ-
ant to the overall O2− decay in coastal seawater [10] but not so in
he open ocean waters of the Southern Ocean [5]. Little is currently
nown on either the sources or products of superoxide reactions
ith DOM but it is clear that it is a major pathway for the oxidation
f organic matter in the euphotic zone.
Assessing changes in metal redox speciation is critical to devel-
ping our understanding of metal biogeochemistry in the ocean.
or example the O2− mediated cycling between the thermody-
amically favoured, but poorly soluble, Fe(III) species and the
ore soluble reduced Fe(II) form could simultaneously increase
he bioavailability of iron and prolong its residence time in the
pen ocean as suggested by recentmodeling studies [11–13]. Infor-
ation regarding O2− ﬂuxes is also important for balancing the
ources and sinks of the daughter product of O2−, H2O2. In sea-
ater H2O2 also plays an important role in redox reactions which
nvolve biogeochemical relevant trace metals [14,15].
Thus in order to improve our present understanding of redox
ycles in the ocean it is critical that we can accurately determine
he production, instantaneous concentration ([O2−]i) and decay of
OS like O2− and H2O2 in seawater under normal environmental
onditions. Quantitative work on O2− in seawater has been seri-
usly handicapped by the lack of a simple method to produce the
adical at a constant and known rate. The present paper summa-
izes previous work on this topic of relevance to seawater and our
wn ﬁndings as we tested different sources and detection meth-
ds in an effort to determine O2− accurately. Our work suggests
hat the O2− thermal source SOTS-1 can be successfully used as a
alibration source for O2− ﬂuxes in seawater.
.1.1. Reaction kinetics of superoxide
Based on previous research on O2− reactions in seawater with
etal complexes [5–7,16] and organic matter [10] workers in this
eld have developed the following reactivity scheme for O2−:
∂[O2
−]
∂t
= 2kD[O2−]2 +
∑
kM[M]
X
[O2
−] + korg[O2−] (5)
here the metal reactions (kM) include both the Cu(II)/Cu(I) and
e(III)/Fe(II) redox pairs (equation (6)), the reaction with organic
ubstances is described by the ﬁrst order rate korg.
kM[M]
X
=
(
kCu(I)[Cu(I)] + kCu(II)[Cu(II)] + kFe(II)[Fe(II)]
+kFe(III)[Fe(III)]
)
(6)
The observed rate of superoxide decay can then be written as
ollows with only a single term each for the ﬁrst order and second
rder rate components
∂[O2
−]
∂t
= 2kD[O2−]2 + kobs[O2−] (7)
here kobs is described as the sum of the ﬁrst order reaction rates.
obs =
∑
kM[M]
X
+ korg (8)
The complexing agent diethylenetriaminepentaacetic acid
DTPA) can be added to complex all the trace metals in solution
nd in this case kobs = korg [10].
In the following sections we provide an overview about the
mpact of superoxide in the environment, and its sources and exist-
ng detection methods which are currently used in research. This
ection is important as in the course of this work we came across
everal inconsistencies regarding the production and detection
ethods for superoxide which forced us to invest a considerableimica Acta 667 (2010) 1–13
amount of time to read and conduct laboratory studies to recognize
and understand these inconsistencies. The availability of aqueous
O2− solutions, free from interfering materials or metal impurities
is one of the most essential requirements for the study of HO2/O2−
chemistry. In the experimental section of this work we report the
ﬁrst results obtained using the superoxide thermal source SOTS-1
in seawater, a reagent that produces O2− without apparently many
of the limitations found in other sources.
1.2. Sources of superoxide in natural waters
There are several sources for O2− that are known in seawater
and they are discussed in turn below. Fig. 1 provides a schematic
overview of the known sources and sinks for superoxide in the
ocean.
1.2.1. Photochemistry
The existence of O2− in seawater was ﬁrst proposed by Swallow
[17] who suggested that O2− could be formed by reactions of the
hydrated electron with O2 dissolved in seawater. Later researchers
provided qualitative or indirect evidence for the photochemical
production of O2− in aqueous solutions based on the assumption
that its decomposition is the major source for H2O2 [18–19]. In
sunlit seawater O2− quasi-steady concentrations of ∼10–100nM
were estimated based on the assumption that only the uncatalysed
dismutation pathway was occurring [18,20].
Measurements of O2− ﬂuxes in seawater were obtained from
Caribbean waters [1] illuminated with a solar simulator and
the ﬂuxes determined by using isotopically labelled 15NO gas
to react with O2− [21] to form peroxynitrite which rearranges
to form nitrate. Using this approach photochemical production
rates for O2− in surface waters followed a seasonal cycle with
0.1–6nMmin−1 sun−1 (where sun−1 is the intensity of the solar
simulator used [22]) in spring- and 0.2–8nMmin−1 sun−1 in the
autumn. Overall it was found that approximately 35% of the total
radical ﬂux was present as O2−.
The main mechanism for the production of O2− is thought to
be from the absorption of a photon by DOM which excites this
molecule into a triplet state which subsequently reacts with O2
(naturally occurring in the triplet state) to form O2− and a carboca-
tion [23]. Direct measurements of the apparent quantum yield for
O2− are not available, however related data does exist for the for-
mation of the reaction product H2O2 [23,24] and indicates that UV
wavelengths, 300–400nm, are themajor source ofO2− in seawater.
Photochemical production of O2− in seawater based on measure-
ments of H2O2 in situ formation ﬂuxes [24–26] indicate rates in
surface waters of 9 (Antarctic) to 17nMh−1 (Tropical Atlantic),
assuming the rate of O2− production is twice that of H2O2.
1.2.2. Reactions with O2 and H2O2
Superoxide can also be produced throughout the water column
via reactions betweenO2 and reduced species and to a lesser extent
between H2O2 and oxidized species. In seawater this may include
the oxidation of free or complexed, Fe(II) or Cu(I) in the water col-
umn [14,15,27,28], or alternatively with reduced organic species
such as semiquinone radicals [29,30] produced from the reduction
of quinone compounds present in DOM [31] and in bacterial cells
[32].
1.2.3. Biological production
Superoxide can be formed directly or through side reactionsin various enzymatic processes [33,34] and by the auto-oxidation
of a number of biologically signiﬁcant compounds (see above). In
laboratory experiments O2− production has been observed in phy-
toplankton cultures (see the review by Marshall et al. [35]) and is
suggested to enhance the toxicity of algal exudates or to serve as
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n allelopathic agent against bacterial fouling [36]. An alternative
ypothesis suggested for openocean species is thatO2− is produced
n response to iron limitation as a mechanism to reduce Fe(III) to
he more bioavailable Fe(II) [37] though other researchers suggest
hat this is a ‘futile’ exercise as the Fe(II) is rapidly oxidized back to
e(III) [38].
.3. Salt effects and problems with the use of Good’s buffers
Most published studies on O2− were conducted in simple
olutions and not in a complex media such as seawater. This
s important as the chemistry of HO2/O2− is affected by several
spects in seawater. For example the effect of salts on the stability
f HO2 showed different values for NaCl, CaCl2 and BaCl2 and these
bservations can be interpreted as changes in the ionization of HO2
ue to ionic interactions [4]. The effect of this is to cause the life-
ime of HO2 and O2− to be 2–5 times longer than in pure water, if
nly the uncatalysed dismutation pathway exists, due to the inter-
ctions of Mg2+ and Ca2+ with O2− and the effect of ionic strength
n the dissociation of HO2. Zaﬁriou [4] made the ﬁrst direct mea-
urements of KHO2 in seawater (pK
∗
a = 4.60 ± 0.15) and measured
he dismutation rate kD to be 5±1×1012 [H+]M−2 s−1.
It is common practice for experiments in seawater where the
H needs to be controlled to use one of the Good’s buffers [39],
uch as EPPS, HEPES, TRIS or PIPES. This is particularly the case
or experiments where the trace metal speciation needs to be con-
rolled as these buffers do not form complexes with the metals
f interest. However for experiments with O2− it has been found
hat the amine containing buffers react with H2O2 or O2− to result
n reactive buffer radicals or that even those buffers react with
urther oxidative compounds resulting in the formation of buffer
adicalswhich reactwithoxygen to formROS. Piperazine ringbasedn and decay pathways in the ocean.
buffers like HEPES, EPPS and PIPES were found to produce radi-
cal species which have half-lives around 10min [40]. It was also
proposed that H2O2 oxidizes not only morpholine ring containing
buffers like MOPS and MES but also piperazine ring buffers (PIPES,
HEPES, EPPS) [41]. Kirsch et al. [42] suggested a mechanism where
oxidative compounds (in their case peroxinitrite or any strong oxi-
dant derived from it) oxidize amine buffers like HEPES and form
radicals which further react with O2 and leads to the formation
of O2− and subsequently H2O2. Thus they proposed that HEPES or
similar organic buffers should be avoided in studies which work
with oxidative substances. This ﬁnding was conﬁrmed by Hodges
and Ingold [43], who whilst working on O2− quantiﬁcation using
tetranitromethane (TNM) found that TRIS, HEPES and MOPS react
with TNM and the radicals formed through this reactions undergo
rapid radical chain processes. They concluded from their work that
anycompoundwhichcontains theN-CHchemical functionalitywill
result in these reactions and should so be avoided in systems used
for O2− quantiﬁcation. In the present work we did not use Good’s
buffers for the reasons outlined above.
1.4. Superoxide sources for use with seawater
While O2− is stable in aprotic solvents like DMSO, for studies in
seawater the difﬁculty in preparing a standard solution for calibra-
tion of detection methods is a major problem. The use of standards
prepared in aprotic solvents may cause interferences due to the
introduction of high concentrations of organic solvent. Similarly
standards prepared in aqueous solutionmust bemaintained at high
pH to reduce the loss due to the uncatalysed dismutation reaction.
In the case of solution with appreciable metal contaminants, com-
plexing agents such as DTPA, are typically added to slow the loss
rate of O2−.
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Table 1
Compilation of extinction coefﬁcients (ε, Lmol−1 cm−1) for O2− and H2O2/HO2− at
pH 13 for selected wavelengths as used in this study for spectrophotometric deter-
mination of the O2− concentration in KO2 preparations. Data is drawn from Bielski
and Allen [50] for H2O2/HO2− and from Bielski et al. [8] for O2− .
 (nm) Extinction coefﬁcient ε (Lmol−1 cm−1
(aqueous Solution pH 13)
H2O2/HO2− O2−
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Table 2
Experimentallydeterminedvaluesof the thermalproductionof superoxidebySOTS-
1 in seawater.
Thermal degradation rate k (s−1) for
SOTS-1 in Antarctic Seawater
NBD FC
37.0 ◦C 3.0±1.2×10−5 1.7±0.3×10−4
30.0 ◦C 4.3±0.4×10−5 7.0±1.3×10−5230 440 2230
240 340 2345
250 260 2260
260 180 1940
.4.1. Photochemical production in ketone/alcohol solutions
McDowell [44] proposed that O2− can be produced in air or O2
aturated aqueous solution by the irradiation of a solution con-
aining a ketone (acetone or benzophenone) with a primary or
econdary alcohol (ethanol or 2-propanol). This approach has been
sed extensively over the intervening years for work in artiﬁcial
eawater (NaHCO3 2mM, NaCl 10mM) in combination with DTPA
10,45,46].
In the course of this work we applied the method of McDowell
n order to generate O2− for the purposes of a calibrated standard
olution, however our investigations revealed a number of factors
pparently overlooked in previousworks: (1) Ketones absorb in the
ame UV region as O2−, between 200 and 340nm [47] and for most
f the published protocols the majority of the absorbance at the
avelengths for quantiﬁcation of O2− was in fact due to acetone
nd the assumption that it was solely due to O2− was false. Simply
aking the absorption difference between the solution prior to the
rradiation and after also is problematic as photochemical work
uggests that for the reaction system containing 2-propanol and
etones (e.g. acetophenone or benzophenone) the overall reaction
athway is the oxidationof 2-propanol to acetone [48]. (2) Thepho-
ogeneration of O2− will also generate H2O2/HO2− [49] which also
bsorbs, although weakly, in the same region as O2− [50] (Table 1)
nd this must be corrected for. (3) Also alarmingly several stud-
es using this method added DTPA to their reaction solution prior
o irradiation in an effort to complex potential trace metal impu-
ities. However it is well known that DTPA itself and in particular
ts ferric complexes, degrade under UV irradiance [51,52] or even
unlight [53]. Thus it is obvious that DTPA should only be added
fter irradiation.
.4.2. Xanthine/xanthine oxidase
Xanthine oxidase (XO) catalyzes the oxidation of xanthine (X) or
ypoxanthine (HX) in the presence of O2 to form uric acid with the
roduction of O2− or H2O2. The XO/X method is used frequently
ue to the commercial availability of the reactants and the ease
f use. Recently several papers have been published using XO/X as
2
− source in seawater [37,54–56]. The ﬂux of O2− varies as a func-
ion of pH and other conditions, at a pH of 7 there is believed to be
production of 20% O2− and 80% H2O2 [57]. Other radicals, such as
arbonate radicals [58],mayalsobeproduced. Theﬂuxof theuniva-
ent pathway to O2− increases at alkaline pH, up to approximately
H 8, and under high pO2 or low substrate (X or HX) conditions
57,59]. Calibration of the XO/X source is complicated in seawa-
er by the need to accurately control and measure the pH during
he experiment, something which is not a trivial task [60] and the
ource strength of XO/X may vary between samples. For quanti-
ative work where a steady rate of O2− formation is required, the
/XOsystemwas found tobeunsuitable asXObecomesdeactivated
uring its turnover decreasing the rate of O2− formation [61]. Addi-
ionally TNM reacts with O2− directly formed in the enzyme while
erricytochrome c (FC) only reacts with free diffusible O2− [58,61].
any researchers have also observed that commercial XO prepa-25.0 ◦C 2.0±1.4×10−5 2.2±0.6×10−5
20.0 ◦C – 1.7±0.4×10−5
10.0 ◦C 6.1±11×10−6 1.7±0.8×10−5
rations are contaminated with iron or other trace metals [61–63].
This limits the use of XO only to experiments where trace metals
are buffered with the use of DTPA or desferal and thus reactions
between trace metals and O2− cannot be studied.
Table 2.
1.4.3. Pulse radiolysis
Initial research on O2− chemistry in aqueous solutions uti-
lized pulse radiolysis to generate O2− by ionizing radiation under
controlled conditions with determination of reaction products by
UV–Vis spectroscopy [64]. The primary radicals generated by pulse
radiolysis (e−, H and OH) react rapidly with O2 to form O2−, how-
ever in seawaterOH reacts rapidlywith bromide, requiring formate
or methanol to be added to convert OH into O2− via borate or car-
bonate catalysis [4]. The use of pulse radiolysis for ﬁeldwork is not
practical as it requires the use of a linear accelerator or 60Co source
[65].
1.4.4. KO2
Previously KO2 was widely used to examine the reactivity of
O2− as it was found to be a cheap direct source of O2−. The main
problem with using KO2 is the relatively low ﬁnal yield [66] (∼15%)
and the generation of high concentrations of H2O2 which must be
corrected for (see earlier). KO2 was previously perceived to be con-
taminated with metals based on work performed during the 1970s
and 1980s, however the observed contamination may have been
related to the use of non trace metal free equipment and reagents
[67]. Recentlywe reexamined themetal content of commercial KO2
and found that trace metal impurities were low and KO2 could be
successfully used as a calibration source for O2− decay experiments
in seawater [5].Due to thenatureofKO2 it canonlybeused forpulse
experiments and not as a source for ﬂux measurements.
1.4.5. Superoxide thermal source SOTS-1
Current methods which generate O2− in relative high concen-
trations will favor the uncatalysed dismutation resulting in a high
H2O2 production also. In order to mimic the in vivo situation where
O2− is produced very slowly but continuously over a long duration
Ingold et al. [68] synthesized a series of suitable azo compounds
(superoxide thermal sources—SOTS) which decompose thermally
to yield either directly or indirectly electron rich carbon-centered
radicals. Many of those primary radicals are known to react with
O2 to yield carbocations and O2− [69].
The ﬁrst of this novel family of compounds was di(4-
carboxybenzyl)hyponitrite (SOTS-1). The decomposition of SOTS-1
inwater at 37 ◦C and a pHof 7was shown to followﬁrst order decay
(half-life 4900 s) and yield a O2− formation of 40mol%. The critical
step in the overall reaction involves a 1,2-H-atom shift [70] which
converts the primary alkoxyl radical into the desired electron rich
carbon-centered radical (Fig. 2). This kind of radical rearrangement
occurs only in the presence of water or alcohols and represents
a pathway to produce O2− without direct or enzymatic forma-
tion of H2O2 [71]. SOTS-1 is reasonably soluble in water (1.5mM)
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68,72].
.4.6. Ultrasonication of water
It is often overlooked in studies with phytoplankton that ultra-
onicationof samples either for cleaning cell or breaking them,does
roduce both O2− and subsequently H2O2 [73].
.4.7. Alkaline DMSO
O2− can also be generated in alkaline air saturated DMSO solu-
ions from the reaction between DMSO and OH− to produce a
ethyl sulphinyl carbanion which reacts with O2 to produce O2−
74,75]. Alternatively thedirect reactionbetweenhydroxide anions
nd oxygen can occur:
2 + OH− → O2− + OH• (9)
In the DMSO case the OH radical is scavenged quickly by DMSO.
his reaction can also occur in water under the high OH− concen-
rations typically used to preserve O2− [76] and has been proposed
s a source for O2− in experiments.
.5. Superoxide detection methods used in seawater
.5.1. Spectrophotometry
The spectrometric detectionofO2− canbe achievedby thedirect
easurement of the absorbance of O2− itself (direct method) or
hrough the reaction with a speciﬁc chemical (indirect method)
hich results in an absorption change. Superoxide absorbs moder-
tely in the UV (Table 1) [8]. Calibration of the O2− concentration
y the directmethod is complicated asH2O2 [50] andmany organic
olecules also absorb at these wavelengths and must be corrected
or. This presence of H2O2 in O2− solutions is difﬁcult to avoid as
long with O2 it is a major byproduct from the reactions of O2−
n aqueous solutions. This complication has driven research into
nding reagents that react speciﬁcally with O2− to form distinct
nd easy detectable species. In the following sections we exam-
ne the most frequently used reagents for this purpose and assess
heir applicability to seawaterwork (Formore informationonother
eagents see recent reviews by Soh [77] and Bartosz [78])..5.1.1. Ferricytochrome c (FC). The reduction of ferricytochrome c
Fe(III)) to ferrocytochrome c (FeII) by O2− is a rapid single electron
rocess which can be monitored via spectrophotometry at 555nm
33]. The rate constant for the reaction between O2− and FC hassubsequent release of superoxide (Figure adapted from Ingold et al., 1997).
been observed to be sufﬁciently high (106 M−1 s−1) [79–81] to com-
pete at M concentrations of FC with the uncatalysed dismutation
reaction at neutral pH [54,81]. Additionally the reaction of H2O2
with FC is insigniﬁcant when [H2O2] <0.1mM [86]. If FC is present
in signiﬁcant concentrations there will be no extra H2O2 produc-
tion as O2− is oxidized back to O2. FC can however be reduced by
molecules other than O2− [83] most notably Cu(I) complexes [84],
alternatively reduced FC may be reoxidized to FC by Cu and Mn
redox species [85–86].
1.5.1.2. Nitroblue tetrazolium (NBT). The ditetrazolium ion NBT2+
can be reversible reduced to diformazan by the stepwise addition
of four electrons with the formation of the transient NBT+ (MF) and
one stable intermediate consisting of one tetrazolium and one for-
mazan center [87]. NBT has become a widely used in situ reagent
for the detection of O2− although its use as quantitative reagent has
been less successful because of its complex chemistry and com-
plicated acid-base properties [88]. One major problem with NBT
is that the reaction products (mono- and diformazans) are only
slightly soluble in aqueous solution. NBT can also be reduced by
CO2− [88] and Glucose oxidase [89]. When used with X/XO NBT
may react directly with XO [90] and in combination with deter-
gents such as Triton X-100 marked increases in the reduction of
NBT were observed [91], similarly in O2− DMSO solutions NBT was
found to react with the methyl sulphinyl carbanion while FC did
not [92]. The production of O2− itself by the oxidation of NBT+ with
O2 can also be signiﬁcant under certain conditions [65,93].
1.5.1.3. NBD-CL (7-chloro-4-nitrobenzo-2-oxa-1,3-diazole). NBD-Cl
was originally synthesized as a ﬂuorescence reagent for amino
acids and amines [94,95] and thiols [96]. In a recent work it was
shown [97] that NBD-Cl can also be used for the detection of O2−
through the formation of a reaction product by either absorbance
spectroscopy (at 470nm) or via ﬂuorescence (excitation 470nm,
emission 550nm). NBD-Cl reacts with nucleophiles [98] to form
reversible Meisenheimer adducts [99].
1.5.2. Chemiluminescence detection methods
Several compounds have been used previously for the chemilu-minescence detection of O2−. Luminol, which is frequently used for
other chemiluminescence applications, does react with O2− but is
not a speciﬁc indicator for O2− [100,101]. Similarly lucigenin was
originally proposed to be useful for the detection of low levels of
O2− [102,103], but later work showed an auto-oxidation reaction
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eading to an overestimate of the O2− concentration and its use as
O2− probe was not recommended [104].
The most widely used chemiluminescence probe for
2
− has been the Cypridina luciferin analog, 2-methyl-6-
p-methoxyphenyl)3-7-dihydroimidazol[1,2-]pyrazin-3-one
MCLA) [105]. The chemiluminescence of MCLA by reaction with
2
− involves the production of an unstable dioxetane, whose
ecomposition emits light [106] and the reaction is highly speciﬁc
s shown by Kambayashi and Ogino [107] who tested several
ifferent ROS (O2−, 1O2, OH, Fe(II), alkyl peroxyl radical and
2O2) and found only O2− and 1O2 were able to induce MCLA
hemiluminescence. Background chemiluminescence due to the
uto-oxidation of the conjugated base of MCLA with O2 [108]
s reduced when the analytical pH<pKa for MCLA (pKa = 7.75)
109] and with lower MCLA concentrations [107]. MCLA shows
verlapping maxima for chemiluminescence at pH 6 and pH 8.7
sing XO/X, while a further maxima exists at pH 9.5 when using
O2 [110].
.6. Determining superoxide ﬂuxes or concentrations
.6.1. Goal of a reagent for superoxide ﬂux determinations
In the present work we were searching for an analytical proce-
ure that could determineO2− productionﬂuxes in seawater under
oth conditions of photochemical and/or biological production.
eaving aside issues related to the chemical speciﬁcity of reagents
or O2− (see recent reviews by Bartosz [78] and Soh [77]) we focus
ere on the numerical tools required for interpretation of the data.
here are two possible analytical approaches; the ﬁrst by measur-
ng over time the “integrated production” of O2− while the second
pproach is to measure the instantaneous concentration of O2−.
.6.2. Integrated production
For spectrophotometric or ﬂuorometric reagents which react
ith O2− in solution the “integrated production” rate of s O2− in
eawater can be determined by a simple method in which the time
ate of change of the absorption/ﬂuorescence of the reagent is used
o calculate the O2− production rate. The instantaneous production
ate is thus a modiﬁed version of eq. (7).
∂[O2
−]
∂t
= PR − 2kD[O2−]2 − kobs[O2−] − kR[R][O2−] (10)
here PR is the instantaneous production rate of O2− from all
ources, kR is the rate constant for the reaction between the reagent
nd O2− and [R] is the concentration of the reagent. Assuming that
he reagent R is converted into the observable species A by only
eactions with O2− the time dependent formation of A is then:
∂A
∂t
= kR[R][O2−] (11)
If the reagent is the dominant sink term for superoxide (kR[R] »
2kD[O2−] + kobs)) and pseudo steady state conditions are assumed
hen eq. (10) further simpliﬁes to the following:
R = ∂A
∂t
(12)
In our work using SOTS-1 as a O2− source, the ﬁrst order ther-
al decomposition of the reagent permits the calculation of the
ime dependence of the concentration of SOTS-1 under conditions
f constant temperature:SOTS]t = [SOTS]0e−kt (13)
where k is the temperature dependent decay rate of the SOTS-
. In the absence of other O2− sources the PR from SOTS-1 can be
escribed as follows, assuming a 0.4 stoichiometry for the reactionsimica Acta 667 (2010) 1–13
between the SOTS-1 radical and O2 [68]:
PR = 0.4k[SOTS]t (14)
If the analytical reagent reacting with O2− is present in high
enough concentration so that it can be considered the only reaction
affecting O2− concentrations then by equation (12) we have:
∂A
∂t
= 0.4k[SOTS]t (15)
the solution to the time dependent concentration of A (for
reagents such as NBD, NBT or FC) is then:
At = ASOTS(1 − e−kt) + A0 (16)
where At is the concentration of A at time t, A0 is the concentration
of A at time t=0 and ASOTS is the maximum yield of A when the
SOTS-1 has completely reacted (ASOTS = 0.4[SOTS]0). This equation
can be rearranged to solve for k as a function of t.
−kt = ln
(
1 − (At − A0)
ASOTS
)
(17)
If there is an additional source of O2− (e.g. thermal or pho-
tochemical) that is produced at a constant rate m (mol s−1) the
equation then becomes:
PR = 0.4k[SOTS]t + m =
∂A
∂t
(18)
which has the following solution:
At = ASOTS(1 − e−kt) + A0 + mt (19)
The values of k, m and ASOTS in equation (19) can be solved
by least squares minimization of the time dependent results for
A. Alternatively blank samples without SOTS-1 but with the same
reagent concentration can be run to solve for m independently.
1.6.3. Steady state solutions: (For MCLA determination)
Flow injection methods using MCLA measure the O2− concen-
tration, either in a discrete mode (sample injection loop of sample
into reagent ﬂow) or as a continuous signal (continuous mixing of
MCLA reagent and sample). Using this approach to determine the
instantaneous production rate leads to equation (20) and indicates
that the decay rates for O2− must also be known or determined.
∂[O2
−]
∂t
= PR − 2kD[O2−]2 − kobs[O2−] (20)
In the case of a constant production rate of O2− either from a
biological source or a steady photochemical source, equation (20)
can easily be solved. A typical application could be the use of low
concentrations of XO with a large excess of X resulting in a con-
stant rate of O2− production. We assume here that the constant
production rate is P (mol L−1 s−1), and the initial O2− concentration
is zero. In the speciﬁc case of DTPA amended seawater, where the
pH is known, the value of kD can be estimated from previous work
in seawater [5,111]. If there is no appreciable organic reaction in
samples with DTPA then equation (20) has the following analytical
solution:
[O2
−]i =
√
P√
2kD
tanh
(
t
√
2kD
√
P
)
(21a)
After some time the production rate comes into pseudo equi-
librium with the decay rate and the equation reduces to the more
practical version seen below:
P = 2kD[O2−]2i (21b)
Similarly for seawater samples without DTPA, where
the uncatalysed dismutation pathway is not signiﬁcant
M.I. Heller, P.L. Croot / Analytica Ch
Fig. 3. (top) Normalised [O2−]i as a function of the half-life of the ﬁrst-order decay
rate for superoxide in seawater for a superoxide source with a constant production
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ecay rates of superoxide in seawater. The data here is modeled using the SOTS-1
ecay rate determined in this work at 21.6 ◦C.
kobs »kD[O2−]i), the production rate at any time t after equilibrium
s established has the analytical solution shown below:
O2
−]i =
P
kobs
(1 − e−kobst) (22a)
After sufﬁcient time (see below) a pseudo steady state is estab-
ished and the relationship between the production rate and the
2
− concentrations simpliﬁes to:
= kobs[O2−]i (22b)
The time required (Equation (22a)) to achieve this apparent
teady state is related to the half-life of the decay rate (kobs) of O2−
Fig. 3) and after 1 half-life the observed [O2−]i is equal to half the
alue at steady state. This is an important point as the time to reach
95% of the maximal signal is at least 5 half-lives and for a value of
obs = 0.001 s−1 (t½ =693 s) this implies it takes approximately 1h
o reach steady state.
.6.3.1. Case (I) SOTS-1andonlyuncatalyseddismutation. In thecase
f SOTS-1 at any time after the pseudo equilibrium is established
he following equations holds for DTPA amended samples where
he dismutation reaction is the only sink term for superoxide.
.4k[SOTS]0e
−kt = 2kD[O2−]2i (23)
Rearranging and taking the logarithm of both sides results in:
− 2kDkt = 2 ln [O2 ]i + ln 0.4k[SOTS]0
(24)
Thus a plot of ln[O2−]i versus time will have a slope of k/2.
he value of kD can also be determined here from the value of the
ntercept.imica Acta 667 (2010) 1–13 7
1.6.3.2. Case (II) SOTS-1 and ﬁrst order decay of superoxide. In this
case it is assumed that there is a fast ﬁrst order reaction occur-
ring with O2− and that the uncatalysed dismutation reaction is not
important, this would most likely be the case in natural seawater.
Combining equations (13), (14) and (20) leads to the rate equation
below:
∂[O2
−]
∂t
= 0.4k[SOTS]0e−kt − kobs[O2−] (25)
If the initial concentration of O2− is zero, then equation (25) has
the exact solution [112]:
[O2
−]i = 0.4k[SOTS]0
{
e−kt − e−kobst
kobs − k
}
(26a)
when kobs » k, as would be expected under most circumstances in
seawater, equation (26a) reduces to:
0.4k[SOTS]0e
−kt = kobs[O2−]i (26b)
Taking the natural logarithm of both sides then gives:
−kt = ln [O2−]i + ln
kobs
0.4k[SOTS]0
(27)
Thus in this case a plot of ln[O2−]i versus time will have a slope
of k. Note that thevalueof kobs can alsobedeterminedhere fromthe
value of the intercept as the value for [SOTS]0 is known. The time to
reach the maximum [O2−]i is given by the following relationship:
t =
ln
(
k/kobs
)
(k − kobs)
(28)
Fig. 3 presents example solution of equation (26) with differ-
ent values of kobs showing the dependence on both the maximum
[O2−]i and the time to reach this concentration on kobs when using
SOTS-1.
2. Experimental
2.1. pH measurements
In thepresentworkwe report seawater pHvaluesusing the total
hydrogen scale (pHTOT) [113] while we use the NBS scale, pHNBS,
for pH measurements of buffers and other low ionic strength solu-
tions. All pH measurements were made using a WTW pH meter
330i calibrated with Tris buffers [114].
2.2. Reagents
All reagents were prepared using 18M cm resistivity water
(hereafter MQ water) supplied by a combination of an ELIX-
3 and Synergy 185 water systems (Millipore). High purity HCl
(6M, hereafter abbreviated to Q-HCl) was made by redistillation
of Merck trace-metal grade acids in a quartz sub-boiling still.
A pH 7, 50mM phosphate buffer solution (PBS) was prepared
by the dissolution of K2HPO4 and KH2PO4. Catalase from bovine
liver (Sigma Aldrich) was (23,000unitsmg−1, 31mgproteinmL−1
(Biuret)) cleaned according to the manufacturers instructions in
order to remove the thymol preservative solution, as thymol reacts
rapidly with superoxide [115]. The clean catalase was then resus-
pended in pH 7 phosphate buffer prior to use. A 3.8mM stock
solution of DTPA was prepared by dissolving 0.6 g in 400mL MQ
water. Trace metal clean surface seawater collected from the
Drake Passage in the Southern Ocean during Polarstern expedition
ANTXXIV-3 [5]wasusedas seawater throughout thiswork.All plas-
ticware used in this work was extensively acid cleaned before use.
During the laboratory work of this study we found only samples
whichwere in Teﬂon bottles, syringes or ﬁlters to give reproducible
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ata. Preliminary experiments with samples stored in LDPE bottles
ere irreproducible and had higher background chemilumines-
ence signal and so the use of this type of bottle was discontinued
n our work.
.2.1. SOTS-1
500g aliquots of SOTS-1 (di(4-carboxybenzyl)hyponitrite)
Molecular weight 330.3 gmol−1) was used as received (Cayman
hemicals) and stored at −80 ◦C. Immediately prior to the start
f any experiment the 500g SOTS-1 aliquots where dissolved in
00L DMSO (Fluka, puriss p.a.≥99.9%) before further dilution in
ither pH7 PBS or seawater. Typical ﬁnal concentrations for SOTS-1
n this study were between 1.9 and 15.1M.
.2.2. NBD-Cl
A 10mM stock solution of NBD-Cl (4-chloro-7-nitrobenzo-2-
xa-1,3-diazole) was prepared by the dissolution of 0.1 g in 50mL
thanol. For the experiments a ﬁnal concentration of 100M NBD-
lwasused.A freshNBDstockwaspreparedevery2–3days.NBD-Cl
as a characteristic absorbance at 343nm and upon the reaction
ith O2− an absorbance peak at 470nm can be detected. The value
f the molar absorption coefﬁcient ε=4000M−1 cm−1 previously
etermined [97] was conﬁrmed in our own work, although we
ound the stoichiometry to be 1:1 and not 1:3 as suggested pre-
iously.
.2.3. FC
FC (Molecular Mass 12,327Da) from bovine heart muscle, pur-
hased from Sigma–Aldrich was stored at −20 ◦C until use. 100mg
f the protein were dissolved in 2mL MQ water and primary stocks
f this solution (∼4mM) were also kept at −20 ◦C before fur-
her dilution to ∼40M in the experiments. FC exhibits a strong
bsorbance at 410 and a second band at 530nm, while the reduced
orm Ferrocytochrome c shows three absorption bands at 415, 520
nd an acute peak at 550nm. Through the reaction with O2− the
eduction of the iron center converts FC to Ferrocytochrome c and
he reaction can be followed by the change of absorbance at 550nm
116]. For FC thepeak at 555nmwasusedwith themolar extinction
oefﬁcient of ε=19600M−1 cm−1 recommendedbySigma–Aldrich.
.2.4. MCLA
MCLA([2-methyl-6-(4-methoxyphenyl)-3,7-dihydroimidazo[1,
-a]pyrazin-3-one, HCl]) (Fluka) was used as received. A primary
mM MCLA standard was prepared by dissolving 10mg MCLA in
4.5mL MQ water, where upon 1mL aliquots of this solution were
hen pipetted into 2mL polyethylene vials and frozen at −80 ◦C
ntil required for use. The working MCLA standard, 1M, was
repared from a thawed vial of the primary stock by dilution into a
L solution of 0.05M sodium acetate (Sigma Ultra) buffered (4.1 g)
n MQ water adjusted to pHNBS 6. The experiments with MCLA
ere performed in either 50mM PBS (pHNBS 7.5) or in seawater
ollected from the Drake Passage during Polarstern expedition
NTXXIV-3 (pHTOT 8.14).
.3. Calibration of superoxide standards for use with MCLA
We had previously [5] adapted an existing chemilumines-
ence analysis methods for O2− which utilizes the reagent MCLA
110,117,118]. The mechanism and speciﬁcity for the reaction of
CLA and O2− is well described [119]. We used a commercially
vailable analysis system (Waterville Analytical) which consists of
light tight box equipped with a Plexiglas spiral ﬂow cell mounted
elow a photon counter (Hamamatsu HC-135-01) linked to a lap-
op computer via a BluetoothTM connection controlled through
ur ownpurpose built LabviewTM (National Instruments) software.
or O2− determination we ran the sample and the MCLA reagentimica Acta 667 (2010) 1–13
directly into the ﬂow cell using a peristaltic pump (Gilson Minipuls
3, operating at 18 rpm) with the sample line being pulled through
the ﬂow cell as this leads to the smallest amount of dead time
in the system (typically 2–3 s). The overall ﬂow rate through the
cell was 8.25mLmin−1, comprising 5.0mLmin−1 from the MCLA
and 3.25mLmin−1 from the sample. The transit time through the
optical cell (300L)was therefore2.18 s.All experimentswere con-
ducted in an over pressurized trace metal clean laboratory at the
IFM-GEOMAR in Kiel. The detection limit for O2− using this sys-
tem is ∼50pM based on the analysis of the signal to noise ratio
in the background chemiluminescence relative to the sensitivity
determined by standard additions in seawater.
In the present work we used KO2 as our O2− source for the cal-
ibration of the MCLA method as previously described [5]. In brief,
a small amount of KO2 (8-10mg) was weighed out in a previously
acid washed brown glass bottle containing 2mL of 1M NaOH and
then further diluted with MQ water to a ﬁnal volume of 15mL.
UV spectrophotometry was performed on the sample using either
a 1m LWCC-2100 100 cm pathlength liquid waveguide cell (World
Precision Instruments, Sarasota, FL,USA), or a 10 cmQuartz-cuvette
(Hellma), coupled to anOceanOptics USB4000UV–Vis spectropho-
tometer in combination with an Ocean Optics DT-MINI-2-GS light
source. The concentration of both O2− and HO2− in the standard
solution were determined by least squares solution to the mea-
sured absorbance, at multiple wavelengths, using published molar
extinction coefﬁcients for H2O2 [50] and O2− [8] (Table 1). Mean
initial concentrations in the primary KO2 solution assessed in this
way were 900±50M for H2O2 and 90±10M O2−.
2.4. Determination of O2− ﬂuxes and the thermal dissociation
rate (k) of SOTS-1 in seawater and PBS by spectrophotometry
Thedecomposition rate (k) of SOTS-1 in seawater and in PBSwas
measured by following the O2− promoted change in absorbance
of either FC or NBD-Cl. Each experiment was performed at a set
temperature (±0.1 ◦C) using a thermostated water bath (Fisher Sci-
entiﬁc: FBC720). The complete experimental set covered a range
of (10–37 ◦C) temperatures relevant to seawater studies and for
comparison to previous results. The experiment was initiated with
the addition of 500g of SOTS-1 to a known volume (typically
100 or 500mL) of seawater, or PBS, that had been previously
equilibrated with DTPA (3.8M) for 24h in a 1 L Teﬂon bottle.
Aliquots of the SOTS-1 solution were poured into 60mL Teﬂon
bottles and the appropriate volumes of the reagents added to
give the appropriate ﬁnal concentrations: FC (40M) or NBD-Cl
(100M). Samples were run in triplicate and were shielded from
the light where possible. Absorbance measurements were per-
formed using the same apparatus as described in section 2.3 with
either a 1 cm quartz cuvette or the LWCC-2100. The time evolution
of the absorbance signal was followed by taking frequent measure-
ments of the sample solutions over the course of the experiment
(1–5 days).
2.5. Determination of O2− ﬂuxes from SOTS-1 in seawater and
PBS by chemiluminescence
Experiments were performed in Teﬂon bottles and initiated by
the addition of 500g of SOTS-1 to a known volume (typically 250
or 500mL) of seawater, or PBS, that had been left to equilibrate
with DTPA (3.8M) for 24h. All reagents and samples were kept at
a constant temperature (21.5±0.2 ◦C) throughout the course of the
experiment in a temperature controlled class 100 clean laboratory.
Samples were drawn directly into the ﬂow cell of the chemilumi-
nescence detector as described in Section 2.3.
M.I. Heller, P.L. Croot / Analytica Chimica Acta 667 (2010) 1–13 9
F er usi
t of kt
c right)
3
3
3
c
O
e
ﬁ
(
t
o
i
g
w
o
d
t
i
O
l
i
(
g
o
o
(
p
u
S
u
a
l
[
t
e
cate that this could be a signiﬁcant interference in this study. More
work is obviously required on the exact mechanism of the reaction
between NBD-Cl and O2−.
Fig. 5. Apparent O2− yield from SOTS-1 in seawater as a function of temperatureig. 4. Example plots of the apparent O2− release from SOTS-1 in Antarctic seawat
rations determined by NBD and FC at 37 ◦C using a 1 cm cuvette. (Top, right) Plot
oncentrations determined by NBD and FC at 10 ◦C using a 100 cm LWCC. (Bottom,
. Results and discussion
.1. Superoxide production by SOTS-1 in seawater
.1.1. Detection of the superoxide ﬂux using NBD-Cl or FC
In seawater solutions containing SOTS-1 and NBD-Cl or FC the
oncentration of the absorbing species of the reaction productwith
2
− increased with time (Fig. 4) over all the temperatures ranges
xamined as expected. The data obtained using FC and NBD-Cl was
tted with equation (17), using either the expected value for ASOTS
based on the expected stoichiometry of O2− production, 0.4, and
he concentration of SOTS-1) or the measured absorbance (A∞)
btained after all the SOTS-1has decayed. Typical results are shown
n Fig. 4 for experiments at 10 and 37 ◦C. In all experiments the inte-
rated concentrationofO2− as determinedby reactionwithNBD-Cl
as always greater than that with FC (Fig. 4) and the absorbance
f the NBD-Cl reaction product did not reach a plateau as pre-
icted by equation (16) and was observed for FC. This indicates
hat there were one or more interfering reactions that were ongo-
ng with NBD-Cl after the complete decomposition of the SOTS-1
2
− source. Thus in the case of NBD-Cl, the use of equation (17)
eads to an underestimation of the decay rate of SOTS-1 as the yield
s overestimated due to the interfering reaction. For FC equations
16) and (17) appear to describe the data reasonably well allowing
ood estimates of the SOTS-1 decay rate to be made as a function
f temperature (Table 1).
In nearly all experiments with NBD-Cl the expected ﬁnal yield
f O2−, based on the SOTS-1 concentration added, was exceeded
Fig. 5) and the yield apparently increased with increasing tem-
erature. However at high temperatures the apparent yield of O2−
sing NBD-Cl was greatly in excess of the expected yield from
OTS-1 (Fig. 5) indicating a chemical interference. This was not
nexpected with NBD-Cl as it is well known that it reacts with
mines and thiols to form species which absorb at similar wave-
engths.As the reactionsbetweenNBD-Cl andamines [120]or thiols
96] are strongly temperature dependent and the total concentra-
ion of these species in our Antarctic seawater would have been
xpected to be low (<1M), another reaction must be occurring. Itng two spectrophotometric detection schemes. (Top, left): Integrated O2− concen-
versus time using equation 17 for the data at 37 ◦C. (Bottom, left): Integrated O2−
Plot of kt versus time using equation 17 for the data at 10 ◦C.
is possible that NBD-Cl may react with the ketyl or alkoxyl radicals
producedbySOTS-1as it is hasbeen shown [121] that a relatedben-
zofurazan reacts with peroxyl radicals produced from the thermal
decomposition of 2,2′-azobis(2-amidinopropane) dihydrochloride
(AAPH) [122,123] a compound related to SOTS-1. While reactions
with carbon centered radicals produced by SOTS-1 is possible it
could not explain yields above 250% which were measured at tem-
peratures above 30 ◦C. A more likely source of interference is from
the hydrolysis of NBD-Cl to form NBD-OH which also absorbs at
470nm [120,124] and published hydrolysis rate data at 50 ◦C for
NBD-Cl [125] and at 30 ◦C for the more reactive NBD-F [120] indi-for both FC (squares) and NBD (circles). The error bars for each symbol represent
the 95% conﬁdence intervals for the series of measurements undertaken at each
temperature. The effects of thermal production of O2− can be clearly seen at 30 ◦C
and above for FC and NBD, where the latter is also apparently affected by hydrolysis
reactions. The data at 10 ◦C was measured over 10 days and may have been affected
by light induced reactions.
1 ica Chimica Acta 667 (2010) 1–13
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Fig. 6. Eyring plot of the measured thermal dissociation rates of SOTS-1 in seawater0 M.I. Heller, P.L. Croot / Analyt
The apparent overall yield of O2− from SOTS-1 using FC
Fig. 5) was close to the anticipated values in the temperature
ange 20–25 ◦C, with increased yields observed at both 10 ◦C
nd temperatures above 30 ◦C. Parallel experiments using FC in
BS with SOTS-1 at 25 ◦C had yields and decay rates that were
lightly different from seawater, though not statistically signiﬁcant
k(PBS) =2.4±0.3×10−5 s−1, k(SW)=2.2±0.6×10−5 s−1: SOTS-
=15.14M, expected yield 6.06M: Yield (PBS) =5.0±0.6M
83±10%), Yield(SW)=5.6±0.9M (93±15%)). This may indicate
hat the increased yield with SOTS-1 at temperatures above 25 ◦C
as related to reactions between FC and components of the seawa-
er as experiments in PBS with SOTS-1 do not show any evidence
or additional reductants of FC [68].
In the present work we saw no evidence of any inﬂuence on
he results due to any temperature dependence of the FC reaction
ith O2−. Previous work has shown that the rate constant for the
C reaction with O2− varies only slightly [80] over the tempera-
ure range used here and thus should not be a factor in the present
ork. However for NBD-Cl there is only one measurement in the
iterature presently for the rate of reaction of NBD-Cl with O2−
1.5±0.3×10−5 M−1 s−1) [97] but the temperature is not speciﬁed
nd thus we have no indication of the temperature dependence of
his reaction. However given the reactivity of NBD-Cl with other
ucleophiles [126] it is not expected that the rate of this reaction
ould be an issue but instead the loss of NBD-Cl via hydrolysismay
t some point lead to less than 100% trapping of O2− by NBD-Cl.
Another potential problem previously identiﬁed with the use of
C to determine superoxide ﬂuxes over long time periods is due to
he possible underestimation of the actual ﬂux due to the reoxida-
ion of ferrocytochrome to FC by H2O2 which may accumulate in
he samples over time [127]. This effect may occur but is probably
ery small in the present work as the major sink for SOTS-1 pro-
uced O2− would have been the oxidation of O2− to O2 by FC [82],
nd not the formation of H2O2.
NBD-Cl does have the advantage over FC that the absorbance at
he analytical wavelength (470nm) prior to the addition of an O2−
ource is effectively zero, which allows the use of a long pathlength
etection systems. In the case of FC the samples must be diluted
efore measurement as the absorption by FC itself is considerably
hen used in a long pathlength system such as employed here.
his was the case for the samples run at 10 ◦C (Fig. 4 and Table 1)
hich were run over 5 days at low SOTS-1 concentration (3.8M)
nd gave calculated SOTS-1 decay rate and yields (Fig. 5) which
ere higher than expectedwith both FC andNBD-Cl. It is likely that
he faster rate and higher yield found at 10 ◦C was due to handling
rtifacts involved in the dilution of the samples prior to making
bsorbance measurements.
.2. Temperature effects on O2− production by SOTS-1
.2.1. Calculation of the activation energy for SOTS-1 in seawater
The temperature dependence on the thermal decomposition of
OTS-1 in seawater from 21.6 to 37.0 ◦C is shown as an Eyring plot
128] using the FC data in Fig. 6. The data from 10 ◦C was omit-
ed from this analysis due to the experimental problems noted
bove in making these measurements. The estimated activation
nergy (EA) for the thermal decomposition of SOTS-1 in seawater
s 108±29kJmol−1 (n=4, R2 =0.96, 95% CI). Similarly in PBS (n=3,
2 = 0.99, 95% CI) we calculate a value of 115±6kJmol−1. The two
alues are not statistically different given the large error in the sea-
ater value and we would expect that the activation energy is theame in both PBS and seawater given the mechanism shown in
ig. 2. The main reason for the large uncertainty in the seawater
easurements is due to the methods used for trapping the O2−
ormed upon SOTS-1 decay. We are currently looking into develop-
ng a method to directly determine SOTS-1 in seawater in order to(circles) and PBS (triangles). The least squares regression ﬁt to the data is also shown
for PBS (solid line) and seawater (dotted line). Only data between 37.0 and 20.0 ◦C
are included here due to the problems described in the text when measuring at
lower temperatures.
better improve our estimates of k and EA in seawater. Ourmeasured
values are similar to other data for the thermal decomposition of
related azo compounds (112–170kJmol−1) [129,130].
3.2.2. Non-SOTS-1 thermal production of O2− in seawater
The observed increases in the apparent yield of O2− from SOTS-
1 at elevated temperatures using NBD and FC could also be in part
explained by another thermal source of O2− in seawater, the pres-
enceofwhichhaspreviouslybeenoverlooked. Interestingly a series
of studies by Bruskov and coworkers [131–133] has suggested just
such a source exists in simple salt solutions leading to the forma-
tion of H2O2 and other ROS. In theirwork they found that in organic
free NaCl and NaHCO3 solutions, similar in pH and concentration
to seawater, that heating increased H2O2 production. Studies in
artiﬁcial seawater (sea salt dissolved in pure water) revealed H2O2
production rates of ∼16nMh−1 at 40 ◦C with an estimated acti-
vation energy of 87kJmol−1 over the temperature range 40–65 ◦C
[131]. The source of these ROS is suggested to be from the thermal
activation of reducing compounds present in seawater [132].
The production of H2O2 in weak alkaline solutions from reac-
tions between tannin, pyrogallol or gallic acid with O2, presumably
via O2− as an intermediate, were ﬁrst described by Schönbein [134]
in 1860. Later work has examined both the thermal and photo-
chemical pathways of H2O2 formation from these substances [135]
revealing that the rate of this reaction increaseswith increasing pH.
An additional source of O2− could be from the auto-oxidation of
hydroquinones [136] present in seawater from the lysis of bacteria
[32] and phytoplankton [137]. Based on this evidence we suggest
that the presence of a natural thermal source of superoxide must
therefore be considered highly likely in experiments with seawa-
ter at elevated temperatures (>25 ◦C) and in particular when using
coastal seawater with high loadings of terrestrial organic material.
3.3. Determination of superoxide concentrations using MCLA
The production of O2− fromSOTS-1was also followed by chemi-
luminescence using MCLA as the detection probe in both seawater
and PBS in order to validate our theoretical approach. An example
using 7.5M in PBSwith DTPA at 26 ◦C is shown in Fig. 7.We found
excellent agreement between the data and the predicted concen-
trations and ﬂuxes (calculated from equations (23) and (24)) over
2h of measurements.
A further example of a direct comparison for SOTS-1 at 21.6 ◦C
in both PBS and Antarctic seawater is shown in Figs. 8 and 9. Fig. 8
shows the time dependence of the raw count rate from the photon
counter over one and half days and clearly shows the initial build
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Fig. 7. (top) SOTS-1 in Phosphate Buffer Solution (PBS) with MCLA detection of the
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bnstantaneous concentration of superoxide ([O2−]i). (bottom) Calculated produc-
ion rate (green circles) and model estimates (blue) for superoxide from SOTS-1
n PBS. This experiment was performed at 26 ◦C with O2− detected using MCLA
hemiluminescence.
p to the maximum concentration and then the slow decay after.
o convert the photon counts into [O2−] the following conversion
s valid for this data: [O2−] (nM)= (signal–background)/19600, the
ensitivitymeasuredbycalibrationwithKO2 additionswas∼19600
ounts nM−1 in both PBS and Antarctic seawater, while the back-
round counts were ∼4000 counts in PBS and ∼6000 counts in the
ntarctic seawater. Fig. 9 shows the natural log transformed data
romFig. 8 and it is easy to see the time it takes for thepseudo steady
tate to be established after which equation (27) can be applied in
rder to calculate k, the SOTS-1 decay rate. The time to reach the
aximum O2− was ∼3000 s in line with that predicted by equation
28).
Additionally from the PBS data we can calculate using equa-
ion (24), the value for the second order uncatalyzed dismutation
ate for O2−, assuming that in the presence of DTPA in PBS
here are no other reactions, of k2 =3.0±0.3×105 M−1 s−1 (pH
.5). This value is very close to the value predicted for pH
.5, k2 =2.0×105 M−1 s−1, from the data compilation (pKa = 4.88,
ig. 8. Raw Chemiluminescence output (counts per 200ms time period) obtained
sing as described in the text. For SOTS-1 in PBS (pH 7.4, green) and SW (pH 8.14,
lue).Fig. 9. Natural log of the O2− concentration as a function of time for the data shown
in Fig. 8. For SOTS-1 at 21.6 ◦C in PBS (pH 7.4, green) and SW (pH 8.14, blue).
kHO2/O2− = 8.5 × 10
7 M−1 s−1, k2 = kHO2/O2− × 10
−pH/10−pKa ) by
Bielski et al. [8]. Similarly for the MCLA measurements made in
DTPA amended seawater we calculate using equation (27), a value
of kobs = 0.0020±0.0001, for the reaction of O2− with DOM, This
value is slightly lower thanwe obtained previously (0.004 to 0.006)
in decay experiments with KO2 [5] on water collected on the same
cruise but in different places in the Drake Passage.
During the present work we observed signiﬁcantly different
sensitivities for O2− withMCLAkept at different temperatures. This
was ﬁrst observed during a preliminary experiment at 21.5 ◦C run
over 2 days where we kept one aliquot of MCLA at room tempera-
ture (21.5 ◦C) and another aliquot was kept overnight in the fridge
(7 ◦C) tominimize auto-oxidation. Running sampleswith these two
aliquots we observed that the reagent kept in the fridge gave a
chemiluminescence signal which was 38% less than the solution
maintained at room temperature and this difference decreased as
the reagent warmed up. It is therefore important that the same
temperature is maintained throughout the analysis to avoid this
problem or alternatively, and a much more tedious option, cali-
bration must be performed over a range of temperatures. This is
an important factor to consider in regard to the determination of
vertical proﬁles of O2− production as in situ real time measure-
ments throughout the thermocline would be strongly affected by
this phenomenon.
3.4. Can natural O2− ﬂuxes be measured in seawater?
So is it possible to measure natural O2− ﬂuxes in seawater? The
MCLA chemiluminescence technique seems the most promising as
it is relatively simpleand is alreadyusedat sea. Putting this intoper-
spective, estimates of themidday solar ﬂux ofO2− in surfacewaters
range from 9 to 17nMh−1, which is equivalent to an intial O2− ﬂux
from ∼0.25 to 0.5M SOTS-1 at 25 ◦C. The maximum O2− level
attained in DTPA amended seawater would depend on the value of
kobs for the reaction with organic matter (0.002–0.030 s−1) [5,138],
concentrations of 83–2350pMwouldbe anticipated. The lower end
of this range is still above the detection limit for O2− using MCLA
and indicates that in situ production of O2− could be measured
using this approach if an adequate separation between signal and
noise can be maintained. In natural seawater kobs is increased due
to reactions with trace metals [5], and this would have the effect of
lowering [O2−]i closer to the detection limit of the current MCLA
system. It would however also shorten the time to achieve pseudo
steady state (∼ 1h inDTPA amended seawater). All of thework per-
formed here was carried out in ﬁltered seawater samples. While
this would unlikely affect measurements of photochemically pro-
duced O2− it is still to be determined if these methods will work in
the presence of biology and particles. More work is needed on this
before biological production rates can be properly assessed.
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Spectrophotometric methods may also have a role to play in
easuring O2− ﬂuxes, and in our work FC appears to be the most
uitable reagent for this work. Our data suggests that theminimum
2
− ﬂux that could bemeasuredwith FC using a 100 cmpathlength
ow cell is ∼1pMs−1 as some of the gain in sensitivity in using the
ong pathlength is lost because the sample needs to be diluted to
aintain the absorbance of the FC and ferrocytochrome species
n the linear range. The use of NBD-Cl as a reagent for O2− is not
ecommended at present unless a time consuming HPLC step [125]
s introduced to separate the different interfering reaction products
nd most notably the hydrolysis product, NBD-OH.
SOTS-1 is an easy O2− source to work with and it has few of
he drawbacks that are connected with other commonly used O2−
ources. We have also found in related work that commercially
vailable SOTS-1 is clean enough to be used directly in seawater
ithout altering the metal concentration or speciation apprecia-
ly. Thus we are currently employing and evaluating SOTS-1 as a
ell deﬁned O2− source for studying trace metal redox reactions
n seawater.
. Conclusions
We have shown in this work that through the development of
he appropriatemathematical derivations and theory coupledwith
he use of SOTS-1 as a O2− source that analytical detection systems
or O2− can be calibrated for use in seawater to determine both
oncentrations and ﬂuxes. The overall goal of such work however
s to make such measurements in the ocean in situ and this is the
ogical next step to pursue.
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